Gene transfer to the kidney can be achieved with various DNA vectors, resulting in transgene expression in glomerular or tubular districts. Controlling transgene destination is desirable for targeting defined renal cells for specific therapeutic purposes. We previously showed that injection of polyplexes into the rat renal artery resulted in transfection of proximal tubular cells. To investigate whether this process involves glomerular filtration of the DNA-containing particles, fluorescent polyethylenimine polyplexes were prepared, containing fluoresceinated poly-L-lysine. This allowed visualization of the route of the particles into the kidney. Our polyplexes were filtered through the glomerulus, since fluorescent proxiKeywords: kidney; non-viral gene delivery; fluorescent complexes: glomerular filtration barrier; laser light scattering; ␤-galactosidase Genetic renal diseases could in principle be corrected by somatic gene therapy. Different districts of the kidney are affected by different pathologies; for example, autosomal dominant polycystic kidney disease causes the formation of liquid-filled cysts along the whole tubule, 1 while Alport syndrome affects the glomerulus.
Genetic renal diseases could in principle be corrected by somatic gene therapy. Different districts of the kidney are affected by different pathologies; for example, autosomal dominant polycystic kidney disease causes the formation of liquid-filled cysts along the whole tubule, 1 while Alport syndrome affects the glomerulus. 2 Therapeutic gene transfer must therefore be tailored to ensure expression of the transgene in the appropriate cell type. A number of viral, as well as non-viral, approaches have been used to transfer genes to the kidney, leading to expression of the transgene in the tubule, 3 in the glomerulus, 4, 5 or in renal vessels. 6 In these cases, access to the kidney was achieved via direct injection into the left renal artery, but intrapelvic injections have also been employed, leading to transgene expression in the papilla and medulla, 3 or in the outer medulla. 7 In our previous work, we showed that DNA complexed with branched 25 kDa PEI at 10 equivalents (eq) of amino to phosphate (N/P) groups is able to transfect proximal tubular cells following injection into the rat renal artery. Conversely, transfection efficiency of DNA complexed to 5 N/P eq of PEI, or to cationic lipids such as DOTAP, was significantly lower. 8 Given the anatomical complexity of the mal tubuli were observed. Conversely, fluorescent lipopolyplexes containing the cationic lipid DOTAP were never observed in tubular cells. Size measurements by laser light scattering showed that the mean diameter of polyplexes (93 nm) was smaller than that of lipopolyplexes (160 nm). The size of the transfecting particles is therefore a key parameter in this process, as expected by the constraints imposed by the glomerular filtration barrier. This information is relevant, in view of modulating the physico-chemical properties of DNA complexes for optimal transgene expression in tubular cells. Gene Therapy (2000) 7, 279-285.
kidney in the present work we investigated the route of these complexes in this organ, in an attempt to correlate the physico-chemical properties of these particles to tissue localization and ultimately to transfection efficiency. DNA complexes entering the kidney from the vasculature could have access to tubular cells by two alternative routes. The first one involves the passage into the urinary space through the multiple layers constituting the glomerular filtration barrier. Alternatively, DNA complexes could exit the glomerular vascular system, travel to peritubular capillaries and hence pass into tubular cells (Figure 1) . Definition of the properties of the complexes affecting the choice of either route would offer a rational basis for the design of suitable non-viral vectors for the kidney. Fluorescently tagged DNA complexes can be used to follow the distribution of such particles within organs, following systemic administration into laboratory animals, 9 but no detailed information on the kidney was available so far. We chose fluorescein isothiocyanate-conjugated poly-l-lysine (FITC-pLys) as a convenient, commercially available fluorophore for either polyplexes or lipopolyplexes. Fluorescent complexes were prepared by partial pre-condensation of DNA with 0.4 N/P eq of FITC-pLys, followed by complete condensation with either PEI, to yield polyplexes, or with DOTAP, to yield lipopolyplexes. Inclusion of pLys into lipoplexes to yield lipopolyplexes has been described to enhance transfec- tion efficiency in cultured cells. 10 FITC-pLys-containing lipopolyplexes have been used to detect DNA particles in vitro and in vivo. 11 The preparation of mixed polyplexes, including both FITC-pLys and PEI, has not been reported so far. In the present study, we made no effort to increase transfection efficiency by optimizing the amount of FITCpLys; rather, the FITC-pLys to DNA ratio was kept low enough to give only partial condensation of DNA, 11 as confirmed by our laser light scattering measurements (see below), but sufficient to allow observation of the complexes at the fluorescence microscope. Complete condensation of DNA was ensured by the addition of either PEI or DOTAP, at concentrations known to yield fully condensed DNA complexes in the absence of polylysine (pLys). We reasoned that the properties of the complexes would be only minimally affected by such a low amount of pLys. Quality control experiments were performed, to assess whether the additional component in the fluorescent complexes would significantly affect the behavior of our complexes in terms of transfection efficiency. Transfection of CHO cells with a luciferase reporter plasmid complexed with either 10 or 5 PEI eq and FITC-pLys yielded transfection efficiencies comparable to regular DNA/PEI complexes (data not shown); inclusion of FITC-pLys into DOTAP complexes yielded an unexpected reduction of approximately 10-fold in transfection efficiency that was not observed in other cell lines (human embryonic kidney, HEK 293, and human type II pneumocytes, A549, data not shown). No attempt was made to clarify this phenomenon further as it was outside the scope of this work. On the other hand, since cultured cells are not bona fide models for in vivo experiments, transfection efficiency of the luciferase DNA complexes prepared with or without FITC-pLys and either PEI or DOTAP was also assessed in vivo by injection into the rat left renal artery. No significant differences were observed following inclusion of FITC-pLys between groups of ani- Figure 2 . For doubly labeled complexes, DNA was labeled with EMA as described. 19 (Figure 2) .
N/P eq of FITC-pLys and either PEI or DOTAP, and injected into the rat left renal artery as described in the legend to

Kidneys were removed immediately after the 10 min of ischemia (t = 0), or 2 min later (t = 2 min), fixed and sectioned. (a) Fluorescent polyplexes containing 10 N/P eq of PEI, t = 0. Intense staining is visible in the glomerular tuft (small arrows) and in the lumen of a few proximal tubuli (large arrows); dark areas correspond to non-fluorescent glomeruli (arrowhead). (b) Higher magnification of a section from a kidney treated as in panel a, showing a fluorescent glomerulus and the corresponding fluorescent tubule. (c) Fluorescent polyplexes containing 10 N/P eq of PEI, t = 2 min. Fluorescent glomeruli and still more fluorescent tubuli, as compared to panel a, are observed. (d) A section from the same kidney as in panel c was observed at the confocal microscope and shows staining of the tubular brush border. (e-h) Doubly labeled polyplexes at 10 N/P eq of PEI, t = 2 min. Sections were observed at the FITC wavelength (e and g) or at the EMA wavelength (f and h). Glomerular (small arrows) and tubular (large arrows) colocalization of the FITC and EMA labels is indicated. (i and j) Non
To investigate the fate of the injected complexes in the kidney, FITC-labeled polyplexes at 10 N/P eq of PEI were injected into the rat left renal artery. Animals were nephrectomized immediately after a period of ischemia lasting 10 min to allow polyplexes contacting the kidney, or at different time points that extended up to 30 min following restoration of the circulation. Groups of four animals were treated for each condition. The distribution of complexes described below was consistent within each group. In sections from kidneys at t = 0, fluorescence was observed in cortical areas, where the glomerular tuft was intensely stained; moreover, the lumen of some proximal tubuli was also fluorescent. While fluorescence intensity was comparable in all of the stained glomeruli, completely dark glomeruli could also be identified ( Figure  3a ). This observation points to an uneven distribution of the exogenous genetic material within the organ, a possible crucial reason for the reduced number of nephrons ultimately displaying expression of the transgene (see below). Indeed, recirculation of recombinant adenovirus within pig kidneys for at least 30 min was required for expression of the reporter gene for ␤-galactosidase in an elevated proportion of glomeruli. 5 Our observation confirms that technical optimization of the delivery of nonviral, as well as of viral vectors through the renal artery is required for enhanced transfection efficiency in the kidney. In some sections of kidneys injected with the FITCpLys/PEI polyplexes at 10 N/P eq, the endothelium of arcuate and medium arteries was also occasionally labeled (data not shown). Fluorescence in a glomerulus and in the corresponding tubule was visible in some sections (Figure 3b) , clearly showing the continuous passage of fluorescent particles through the glomerular filtration barrier. Two minutes after ischemia, the glomerular staining was slightly less intense, while a higher number of stained proximal tubuli was detected, as compared with sections prepared at t = 0. Indeed, the tubular staining often involved the glomerular urinary pole, as well as more distant proximal tubular portions (Figure 3c ). Confocal fluorescence analysis confirmed the above observation; in particular, Figure 3d shows staining of the tubular brush border, supporting the access of complexes to tubular cells from the luminal side. Downstream of the filtration barrier, the fluorescent signal was essentially present in proximal tubuli, to indicate a rapid uptake of the complexes by cells along the initial tract of the tubule. At longer times (5 and 10 min after ischemia), a general decrease in the intensity of fluorescence was observed, with no significant alteration in the distribution of the signal. Complete disappearance of the signal was observed at t = 30 min (data not shown). Overall, the fluorescent signal was observed mainly in the medial region of the kidney immediately after the ischemic period, while it involved also the kidney poles 2 min later.
Next, we wanted to confirm that the FITC-signal belonged to the DNA-containing complexes. Therefore, plasmid DNA was labeled by covalent binding to ethidium monoazide (EMA), and doubly labeled polyplexes (including EMA-DNA, 0.4 N/P eq of FITC-pLys and 10 N/P eq of PEI) were prepared. In preliminary experiments on cultured CHO cells, co-localization of the DNA and pLys labels was observed 1 h after transfection (data not shown). These doubly labeled polyplexes were also injected into the kidney, and co-localization of the DNA signal with FITC-pLys was observed at t = 2 min in glomeruli as well as in tubuli (Figure 3e-h) . A faint, diffuse staining was often visible in kidney sections at both the FITC and EMA wavelengths; this was due to autofluorescence of the kidney, as shown in sections from control animals injected with non-fluorescent complexes (polyplexes prepared with 10 N/P eq of PEI, 0.4 N/P eq of pLys and non-labeled plasmid DNA), as shown in Figure 3j -k.
Having established that fluorescent PEI polyplexes are able to reach the tubular lumen through a filtration mechanism, we wanted to investigate the fate of positively charged lipopolyplexes prepared with a different synthetic vector, namely the cationic lipid DOTAP. We observed (Figure 1b ) that luciferase transfection efficiency of DOTAP complexes in the kidney was lower than that of PEI complexes, in keeping with our previous results. 8 Fluorescent DOTAP lipopolyplexes were detected in glomeruli and in small and medium arteries when injected by the above procedure, but were completely absent in tubuli at both the cortical (Figure 3k ) and medullary level.
Our observations about the selective behavior of DNA complexes within the glomerulus needed to be correlated with the dimensions of the complexes themselves, in con- 20 Figure 3 . 283 sideration of the size limitations dictated by the glomerular filtration barrier. 12 Results from dynamic laser light scattering measurements are summarized in Figure 4 . The means of the mean particle size ± s.e. are reported (n = 3-5, see below). 0.4 N/P FITC-pLys/10 N/P PEI polyplexes showed an average particle size of 93 ± 13 nm (n = 4), while DNA/FITC-pLys/DOTAP lipopolyplexes were significantly larger, with a mean size of 160 ± 1 nm (n = 4). The different route of these complexes in the kidney can therefore be accounted for by the observed difference in size. The size of the fenestrae in the glomerular endothelium is on average 70 nm, and the generally accepted glomerular filtration cutoff for cationized proteins (eg ferritin) is 14 nm. 12 The observed filtration of the PEI polyplexes are in contrast with this information, and might be explained by the non-globular shape or by the deformability of the complexes, an issue which has not been investigated so far. In addition, it is possible that only the smaller particles within the polyplex population are able to pass the glomerular filtration barrier. 
To exclude the presence of interparticle interactions, which could affect the results, measurements as a function of concentration were also carried out. Localization of fluorescent complexes in tubuli is indicated, as assessed in the experiments shown in
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Interestingly, transgene expression in proximal tubular cells following arterial injection of recombinant adenovirus (70-100 nm in size) has been described. 3 To understand the influence of the pre-condensing agent FITC-pLys on the size of the complexes, the dimensions of fluorescent complexes were compared with those of the corresponding complexes prepared without the fluorophore. PEI polyplexes at 10 N/P eq were slightly smaller (89 ± 9 nm, n = 5), while DOTAP lipoplexes were slightly larger (187 ± 10 nm, n = 4) than the corresponding FITC-pLys-containing complexes. In both cases, these differences were not statistically significant, indicating that FITC-pLys did not grossly affect the overall particle dimension in these cases. The size of the doubly labeled polyplexes (105 ± 3 nm, n = 3) was also statistically comparable to that of the other polyplexes at 10 N/P PEI eq (Figure 4 ). FITC-pLys as such was not able to condense DNA at dimensions below 10 m (not shown on Figure 4 ).
Both the PEI polyplexes and the DOTAP lipopoly-plexes described above bear a nominal positive charge, with a calculated +/− charge ratio of 2.1 and 3.0, respectively. In the case of PEI, one out of six nitrogen atoms was considered as positively charged at physiological pH. 13 Since passage through the glomerular filtration barrier depends on both the size and the charge of the particles, 12 we wished to investigate how modulation of the charge parameter in DNA complexes would affect access of the exogenous genetic material to the lumen of the nephron. 5 N/P PEI/0.4 N/P FITC-pLys complexes were prepared, corresponding to a slightly positive nominal charge ratio of 1.2. The resulting fluorescence pattern at t = 2 min was essentially glomerular, as shown in Figure  3l . It was important to elucidate whether the effect of the complex charge on the filtration process was independent from the size parameter. The size of such polyplexes was larger than 10 m (n = 4), while the size of the corresponding polyplexes prepared in the absence of FITCpLys was statistically comparable (77 ± 15 nm, n = 4) to that of the PEI-containing complexes shown in Figure 4 . We postulate that the effective +/− charge ratio of the 0.4 eq FITC-pLys/5 eq PEI complexes is equal or close to 1.0. This would abolish the repulsive interactions among particles and lead to the formation of aggregates. Indeed, isoelectric complexes (where +/− equals 1.0) have been described to yield large aggregates.
14,15 Unfortunately, we were unable to identify formulations yielding smallsized, low-charged fluorescent polyplexes, which would allow us to analyze the involvement of the charge in the process of glomerular filtration of the complexes. In fact, heterogeneous populations of particles were obtained for complexes prepared with PEI in the range of 3 to 7 eq and 0.2 to 0.8 eq of FITC-pLys (data not shown). Clearly, the interactions among the three components of these mixed polyplexes are very complex within this range of relative concentrations: further work would be needed to elucidate such interactions at the structural level.
To confirm that the physical distribution of the DNA complexes in the injected kidney co-localized with the site of expression of the transgene, the gene for bacterial ␤-galactosidase was used as a reporter. The resulting polypeptide was directed to the nucleus by using a modified lacZ cDNA coding for a chimeric ␤-galactosidase equipped with a nuclear localization signal. This allowed a clear-cut identification of cells expressing the transgene vs cells displaying endogenous ␤-galactosidase activity in the cytoplasm. Proximal tubular cells positive for nuclear ␤-galactosidase were observed in sections from left kidneys transfected with DNA/FITC-pLys/PEI complexes at 10 PEI N/P eq (Figure 5a-c) , in keeping with our previous observation. 8 No stained nuclei were found in either kidney of rats transfected with an irrelevant plasmid (Figure 5d and e) , nor in the right kidneys of treated animals (Figure 5f ). Only a small proportion of proximal tubular cells displayed ␤-galactosidase activity: this could be explained by our observation that only a limited number of nephrons did get in physical contact with polyplexes. Moreover, the use of ␤-galactosidase as a reporter gene could lead to an underestimation of the number of cells which were effectively transfected, due to the limited sensitivity of the assay. 16 In addition, we had to modify the incubation parameters for X-gal, in order to reduce the non-specific signal due to endogenous ␤-galactosidase activity in kidney cells. This could further reduce the sensitivity of the detection method. Although the fluorescent signal of polyplexes co-localized with glomerular cells, and was present also on the endothelium of arterioles, no ␤-galactosidase activity was ever detected in such cells. This confirms more general observations leading to the concept that internalization of DNA complexes is required but not sufficient to elicit expression of the transgene. 9 In kidneys transfected with DOTAP/FITC-pLys/DNA complexes, no nuclear ␤-galactosidase activity was detected in tubular nor in glomerular cells. Kidneys transfected with such complexes displayed measurable luciferase activity, which was on average five-fold lower than the activity elicited by the DNA/FITC-pLys/PEI complexes at 10 N/P eq of PEI (Figure 2) . Nonetheless, we expected to identify at least a few ␤-galactosidase-positive cells following transfection with the lacZ lipopolyplexes, but were unable to do so at either the glomerular or tubular level. One possible reason for this could be the limited sensitivity of the detection assay, as discussed above. Of note, infarcts were frequently observed in DOTAP-transfected kidneys. Only a few cells in the interstitium surrounding arteries of the renal ileum were positive for ␤-galactosidase, in areas close to the infarctions (data not shown). All of these experiments were repeated at least twice for confirmation.
In conclusion, we have established that polyplexes able to transfect proximal tubular cells have access to these cells through glomerular filtration. Consequently, a careful design and characterization of the physico-chemical properties of DNA particles is required to have access to defined districts of the kidney.
